Phosphoglycerate kinase (PGK), a major enzyme in glycolysis, is encoded by the X chromosome in mammals. We have initiated molecular analysis of the PGK structural gene by isolating a full-length cDNA clone from a human fetal liver cDNA library. Synthetic oligonucleotide. mixtures encoding two different portions of PGK were used as direct in situ hybridization probes for the cDNA library. Several classes of clones were obtained based on their hybridization at different stringencies to one or both of the PGK oligonucleotide mixtures. One clone, designated pHPGK-7e, which hybridized at-high stringency to each of the synthetic probes, encoded the complete PGK protein sequence as well as 82 base pairs of 5' and,437 base pairs of 3' untranslated regions. Southern blot analysis ofhuman genomic DNAs revealed a complex pattern of hybridizing fragments, two of which were non-X in origin. These results suggest that the human genome contains a small family of dispersed PGK or PGK-like genes.
Phosphoglycerate kinase (PGK; ATP:3-phosphoglycerate 1phosphotransferase, EC 2.7.2.3), a major enzyme in glycolysis, catalyzes the reversible conversion of 1,3-diphosphoglycerate to 3-phosphoglycerate, generating one molecule of ATP (1) . In mammals, this enzyme is encoded by a single active locus on the long arm of the X chromosome (2) (3) (4) (5) (6) . This locus is subject to dosage compensation by X chromosome inactivation (7) .
The structures of PGK proteins from several species have been analyzed in detail. Complete amino acid sequences of horse muscle and human erythrocyte enzymes reveal extensive interspecies homology (8, 9) . X-ray crystallography of horse PGK demonstrated two separate protein domains that may be of functional significance to its mechanism of catalysis (8) . Because the yeast enzyme has a. similar primary and tertiary structure (8, 10) , PGK appears to be highly conserved during the course of evolution. Specific human PGK variants, some of which lead to enzyme deficiency and hemolytic anemia, have also been described (11) (12) (13) (14) . In addition to the X-linked protein, a testis-specific isozyme, whose structural relationship to the X chromosome-encoded enzyme is largely unknown, is found in a number of mammalian species (15) (16) (17) (18) . In the mouse, this isozyme has been mapped to the major histocompatibility complex on chromosome 17 (19) , whereas in the human its chromosomal location has not been determined.
Given this wealth of biochemical and genetic information, we have initiated molecular analysis of the PGK locus. A probe for PGK sequences would, facilitate studies of X-chromosome inactivation, gene evolution, and the tissue-specific expression of homologous nonallelic loci. As a first step we have isolated a full-length cDNA for the X-linked PGK structural gene.
MATERIALS AND METHODS
Construction of a Human Fetal Liver cDNA Library. Liver from a human fetus of 20-22 weeks gestation was homogenized in the presence of guanidine hydrochloride, and poly(A)+RNA was isolated by two passages through oligo(dT)-cellulose. cDNA (2.2 ,ug) was synthesized from 10 Ag ofliver mRNA in the presence of placental RNase inhibitor (RNasin, Biotec, Madison, WI), 1,000 units/ml. Alkaline sucrose gradient centrifugation led to isolation of 1.2 ,ug of cDNA >400 nucleotides (nt) long. Second-strand synthesis was accomplished in the presence of the Klenow fragment of Escherichia coli DNA polymerase I (Boehringer Mannheim) at 180 units/ml and a DNA concentration of2.4 ug/ml. The resulting double-stranded cDNA was treated with S1 nuclease (Sigma), 20 units/ml at 37°C for 30 min, and a size fraction of duplex DNA >400 base pairs (bp) in length was obtained by sedimentation through a neutral sucrose gradient. Homopolymer tracts ofdC were added to the 3'-ends of this cDNA by using a recently developed protocol (unpublished). The dC-tailed cDNA was then hybridized to Pst Icleaved and dG-tailed plasmid vector pKT218 (20) , and tetracycline-resistant colonies were selected after transformation of E. coli strain MC1061 (21) . Approximately 141,000 independent recombinant clones were obtained from the original plates, pooled, and stored at -70°C as a glycerol stock without further amplification.
Synthesis of Oligodeoxyribonucleotides. Two mixtures of oligonucleotides encoding portions of the human PGK protein sequence ( Fig. 1) were synthesized by using a solid-phase phosphotriester method (22, 23) . For amino acids specified by more than one codon, all possible nucleotides were inserted at the ambiguous positions.
Colony Screening with Oligonucleotides. A total of 50,000 colonies was screened on nitrocellulose filters (Millipore HAHY) by using 32P-labeled oligonucleotides. Filters were prehybridized and hybridized as described by Woods et al. (23) , except that the incubation temperature was 40°C. Filters were then washed with several changes of6x standard saline citrate (NaCl/Cit; lx is 0.15 M NaCl/0.015 M sodium citrate) containing 0.05% sodium pyrophosphate at the indicated temperatures (see Results).
Isolation and Characterization of Plasmid DNA. Plasmid DNA was extracted from selected clones by using an alkaline lysis procedure (24) and purified by CsCl/ethidium bromide density gradient centrifugation. A detailed restriction map of pHPGK-7e was constructed by standard procedures. DNA se- quence analysis was performed by the method of Maxam and Gilbert (25) .
Blot Hybridization Analysis of Genomic DNA. Restriction enzyme digests of genomic DNAs were subjected to electrophoresis through 0.8% agarose gels, transferred to nitrocellulose filters by the method of Southern (26) , and hybridized with nick-translated Pst I insert from clone pHPGK-7e.
RESULTS
Screening of Fetal Liver cDNA Library for PGK Sequences. Two mixtures of oligonucleotides were prepared as hybridization probes to identify cDNA clones containing PGK sequences. The first, designated PGK-1 ( Fig. 1 Labeled oligonucleotides were used directly as in situ hybridization probes against replica filters containing lysed colonies ofthe human fetal liver cDNA library. The 50,000 colonies screened with a combination ofPGK-1 and PGK-2 oligonucleotides yielded about 60 recombinants that exhibited hybridization after washing in 6x NaCl/Cit at 450C. Of these, 19 were positive on rescreening with both probes, and 14 were colonypurified for further analysis (Fig. 2 ). All clones formed stable hybrids with a combination of PGK-1 and PGK-2 mixtures when washed in 6x NaCl/Cit at480C. Upon hybridization separately to either PGK-1 or PGK-2 followed by more stringent washing, several different hybridization patterns were observed. Although all 14 clones hybridized to PGK-1 upon washing at 480C, some (clones lc, 2al, 2aWI, 6b, 14b, 16b, and 18d) were negative with PGK-2 under similar conditions ( Fig. 2 c and d ). Only 10 ofthe original 14 clones formed stable hybrids with PGK-1 after a 560C wash ( Fig. 2e ), whereas 6 of7 that hybridized with PGK-2 at 480C maintained stable hybridization at 540C (Fig. 2f ). These 6 were included among the 10 clones exhibiting highstringency hybridization with PGK-1 (Fig. 2e ). The additional four clones displayed differential hybridization to PGK-1 under In situ hybridization of selected cDNA clones with thePGK oligonucleotides. Fourteen human fetal liver cDNA clones were chosen for further analysis based on their initial hybridization to a combination ofPGK-1 andPGK-2 oligonucleotides (see Results). Replica filters were prepared with the colonies arranged in the grid pattern in a. Each filter was hybridized with one or both oligonucleotide mixtures and subsequently washed in 6x NaCl/Cit containing 0.05% sodium pyrophosphate at the indicated temperatures (b-f).
conditions that should discriminate against single nucleotide mismatches (27) . A single clone (1Oa) formed stable hybrids with PGK-1 at 56TC and with PGK-2 at 52TC (data not shown) but began to melt at 54TC with PGK-2. These findings indicate that clones with different degrees of homology to PGK-1 and PGK-2 were represented in the fetal liver cDNA.
Identification of a PGK cDNA Clone. Plasmid DNA was isolated from four clones (2bII, 7e, 14a, and 15a) that displayed the most stringent hybridization with both oligonucleotide mixtures ( Fig. 2 ). Digestion with Pst I revealed single cloned inserts 1.7, 1.9, 1.4, and 0.5 kilobase pairs (kb) in length in clones 2bII, 7e, 14a, and 15a, respectively (data not shown). The minimal coding region predicted for a full-length PGK cDNA clone is 1.25 kb. The largest clone, 7e, was subjected to detailed restriction mapping with a battery of enzymes that either failed to cleave the vector or cut it only once. HindIII, Xma I, Pvu II, Xba I, Sal I, Sac I, and Ava I cleaved the cloned insert whereas EcoRI, BamHI, Kpn I, Xho I, Pst I, Bgl II, and BstEII did not (data not shown). Double digestion of insert DNA with Pst I and Xma I yielded fragments of 1.2 and 0.7 kb (see Fig.  3 ) from which initial DNA sequence analysis predicted the COOH terminus of the PGK protein. This clone has therefore been designated pHPGK-7e.
Fortuitously, the Xma I site in pHPGK-7e corresponded to the region of the cDNA encoding amino acids 348-350 which lies close to and between the segments to which the oligonucleotides were directed ( Fig. 1 ). Ofthe 32 different possibilities in each of the oligonucleotide mixtures, the actual PGK sequences that were determined from the Xma I site are 5' G-C-
for PGK-1 and PGK-2, respectively.
Complete DNA Sequence of pHPGK-7e. A detailed restriction map of the pHPGK-7e Pst I insert was constructed ( Fig.   3A and B). Its DNA sequence, derived according to the strategy depicted in Fig. 3C , is presented in Fig. 4 . The entire coding region of the mRNA and a 3' untranslated region of 437 bp are included in the clone. In addition, 82 bp of 5' untranslated re- § Our numbering ofamino acids corresponds to that predicted from the cDNA sequence ( Fig. 4 ) rather than to the published PGK protein sequence (9), as discussed below. gion are present. Although the actual length of the 5' untranslated region is not yet known, it is likely that our clone is nearly full-length because the 5' untranslated regions of eukaryotic mRNAs are generally less than 100 bp. In contrast, the 3' untranslated region of PGK is unusually long, although even longer 3' ends have been reported (28, 29) . A single putative polyadenylylation signal, A-A-T-A-A-A, is situated 17 bp from the poly(A) addition site. In contrast, five polyadenylylation signals are found in the lengthy 3' untranslated region of porcine preproenkephalin B mRNA (29) .
The amino acid sequence predicted from our cDNA agrees with the published human PGK protein sequence (9) with the following exceptions. The reported peptide sequence included an extra lysine residue at position 39. In this regard, our predicted amino acid sequence agrees with that derived for the horse enzyme (8): both proteins have 416 amino acids and Arg-Ile-Lys-Ala rather than Arg-Lys-Ile-Lys-Ala at residues 38-41. In addition, the cDNA sequence assigns Asn to residues 52, 109, 275, and 336 (based on a total of 416 amino acids, Fig. 4 ) rather than Asp. Similarly, residue 299 is Gln, not Glu, and residue 385 is Glu, not Gln, as previously published (9) . Only 11 differences (3% nonhomology) exist between the human and horse protein sequences. PGK-Like Sequences in Human and Rodent Genomic DNAs. Southern blot hybridization (26) was used to examine the representation of PGK sequences in genomic DNAs. Human samples containing derent copy numbers of the X chromosome were analyzed in parallel after EcoRI digestion (Fig.   5 ). A total of eight DNA fragments hybridized with the pHPGK-7e insert at high stringency (lanes 1-3), corresponding to G36.A C~"CA Glu Leu Leu Glu Gly Lys Val Leu Pro Gly Val Asp Ala Leu Ser Asn Ile Ter GAG CTC CTG GM GGT AM GTC CTT CCT GGG GTG GAT GCT EcoRI digests of DNAs containing the indicated numbers of X chromosomes, as well as HeLa, hamster, and mouse DNAs, were subjected to blot hybridization by the method of Southern (26) with the Pst I insert of pHPGK-7e as probe. Final washing of the filter was performed at 6600 in 0.1 x NaCI/Cit. The sizes (in kb) of the hybridizing fragments in human DNA are indicated at the left. lengths of 16.0, 11.4, 9.6, 7.8, 6.3, 4.0, 3.55, and 2.75 kb. Six of these fragments exhibited dosage of the hybridization signal with the number of X chromosomes, whereas two (the 9.6-and 7.8-kb bands) had the same intensities in 4X and IX DNAs (lanes [1] [2] [3] . The apparent absence of the 16-kb band in XY DNA (lane 3) is probably due to a combination of reduced efficiency of transfer from the gel in this size range, the presence of only a small proportion of sequences on this fragment that are complementary to the probe, and the haploid representation of the X chromosome in male genomic DNA. Although we anticipated finding X chromosome-specific hybridization of the PGK cDNA, the presence of non-X-derived sequences capable of hybridization at high stringency (0.1 x NaCl/Cit at 66QC) was unexpected. Both hamster and mouse DNAs also hybridized at high stringency with the heterologous PGK probe (lanes 5 and 6). In HeLa cell DNA, the non-X 9.6-kb fragment was replaced by one of 8.3 kb (lane 4) , due to either a DNA polymorphism or an abnormal rearrangement of sequences in this tumor cell line.
DISCUSSION
Using synthetic oligonucleotides as probes, we have isolated a full-length cDNA clone for human PGK. The appropriate choice ofprobe sequences for this low-abundance product was directed by the reported amino acid sequence (9) . To ensure identification of PGK cDNA clones, we used two mixtures of oligonucleotides directed to different regions of the PGK amino acid sequence. This approach simplified the identification of an authentic PGK clone and minimized the chance that protein polymorphism or sequence errors would result in the inability to detect such a clone in the cDNA library. In addition, the use of two oligonucleotide mixtures led to the isolation of several PGK-like cDNAs that exhibit different thermal stabilities with one or both probes. These do not merely contain partial cDNA transcripts because preliminary sequence analysis of one clone (2aI) that hybridized to PGK-1 at 560C but which failed to hybridize with PGK-2 at any temperature demonstrates an insert that is not entirely homologous to pHPGK-7e (unpublished data). It is also significant that many of the PGK-like clones, including 2aI, hybridized with the oligonucleotides under conditions that do not tolerate single mismatches (27) .
Such clones may represent loci for partially homologous kinases or other nucleotide-binding proteins (30) , transcripts of related pseudogenes, or previously unidentified PGK isozymes expressed in fetal liver and analogous to the known testis-specific enzyme (15) (16) (17) (18) . The first possibility is particularly attractive because both PGK-1 and PGK-2 oligonucleotides were directed to the region encoding the ATP binding domain of the enzyme, with PGK-1 lying adjacent to and including specific amino acid contact sites (8) .
The availability of a full-length cDNA clone will facilitate detailed analysis of the structure, evolution, and expression of the PGK gene in various species. Our initial examination of the genomic representation of PGK sequences has revealed unexpected complexity (Fig. 5 ). Six EcoRI fragments encompassing 44 kb are of X-chromosome origin and hybridize at high stringency with the PGK cDNA. Whether this pattern reflects a single large gene interrupted by several intervening sequences or multiple genes having a simpler structure is unknown. Only a single functional X-linked gene is predicted from the available genetic data (2) (3) (4) (5) (6) . However, preliminary blot analysis with 5'and 3'-specific PGK probes suggests the presence ofmore than one X-linked 5' and 3' end (unpublished data). The apparent complexity of the genomic hybridization may result from additional PGK-like pseudogenes or processed genes (31) . Alternatively, there may be homologous functional genes, perhaps encoding sequences represented in the non-PGK cDNA clones isolated with the PGK oligonucleotides. These may include loci specifying related nucleotide-binding proteins (30) .
The presence of two EcoRI fragments ofnon-X-chromosome origin that hybridize at high stringency with PGK cDNA was also unexpected because most unique structural gene sequences that have been examined map to a single chromosome (32) . A likely but unproven possibility is that at least some of these sequences encode the human testis-specific PGK isozyme (18) . The chromosomal assignment of these fragments is of particular interest in light of the linkage of the testis-specific isozyme to the major histocompatibility complex on mouse chromosome 17 (19) . Using pHPGK-7e as a heterologous probe, we have recently identified PGK sequences on both mouse chromosomes X and 17 (unpublished data). PGK sequences are present, therefore, as a small, dispersed multigene family in the genomes ofat least two widely divergent species. An apparently similar situation has been reported for mouse a-globin (33) and human argininosuccinate synthetase (34, 35) genes. In the latter case, genomic fragments map to several chromosomes, including X and Y, despite the absence of protein heterogeneity (34) . The existence of autosomal sequences homologous to X-linked loci must be reconciled with the proposed evolutionary stability ofthe X chromosome (36) . Duplication and transposition of such sequences may have occurred.
The evolutionary conservation of PGK has been inferred from interspecies similarities in protein structure and enzymatic function (2, (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . The high-stringency cross-hybridization of human PGK cDNA with rodent DNAs provides independent evidence for this proposal. Comparison of PGK sequences from a variety of species, including yeast (37), may be informative in Genetics: Michelson et aL this regard. When the structure of the authentic, expressed PGK gene is determined, the placement of any intervening sequences with respect to the defined protein domains (8, 10) should provide data relevant to the suggested evolutionary role of intervening sequences (38) .
Most genes on the X chromosome are subject to dosage compensation (7) , including the loci for PGK, glucose-6-phosphate dehydrogenase (G6PD), and hypoxanthine phosphoribosyltransferase (HPRT). In addition to our PGK cDNA, clones for the G6PD (39) and HPRT (40) loci have recently been isolated. The availability of DNA probes for specific genes of known structure whose expression can be assayed easily in various cell types will permit refined molecular analysis of the mechanisms responsible for X chromosome inactivation. This approach may have distinct advantages over the use of random probes corresponding to undefined regions ofthe X chromosome (41, 42) . For example, DNA methylation has been implicated in the initiation and maintenance of X chromosome inactivation (43) . Support for this hypothesis derives from the ability of 5-azacytidine, an inhibitor of DNA methylation, to reactivate the expression of genes on a previously repressed X chromosome (44) , an effect which occurs at the DNA level (45) . It will now be possible to map methylation sites in and around the PGK, G6PD, and HPRT genes on active, inactive, and reactivated X chromosomes in an attempt to define the regulatory signals that govern their expression in each of these states.
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